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Abstract 
 
A generic electrochemical method of “bioreceptor” antibody attachment to phenyl amine 
functionalised graphitic surfaces is demonstrated. Micro-channels of chemically modified 
multi-layer epitaxial graphene (MLEG) have been used to provide a repeatable and reliable 
response to nano molar (nM) concentrations of the cancer risk (oxidative stress) biomarker 8-
hydroxydeoxyguanosine (8-OHdG). X-ray photoelectron spectroscopy, Raman spectroscopy 
are used to characterize the functionalised MLEG. Confocal fluorescence microscopy using 
fluorescent-labelled antibodies indicates that the anti-8-OHdG antibody selectively binds to 
the phenyl amine-functionalised MLEG’s channel. Current-voltage measurements on 
functionalised channels showed repeatable current responses from antibody-biomarker 
binding events. This technique is scalable, reliable, and capable of providing a rapid, 
quantitative, label-free assessment of biomarkers at nano-Molar (less than 20 nM) 
concentrations in analyte solutions. The sensitivity of the sensor device was investigated 
using varying concentrations of 8-OHdG, with changes in the sensor’s channel resistance 
observed upon exposure to 8-OHdG. Detection of 8-OHdG concentrations as low as 0.1ng/ml 
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(0.35 nM) has been demonstrated. This is five times more sensitive than reported Enzyme 
Linked Immunosorbent Assay tests (0.5 ng/ml).  
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1.  Introduction  
 
The exceptional electronic and thermal properties of graphene are particularly suitable for a 
range of new applications from flexible electronics to functional nanodevices [1, 2], such as 
biosensors [3], gas sensors [4] and high performance transistors [5-8]. 
Graphene devices and sensors promise to be a disruptive technology in next generation 
electronics and healthcare diagnostic applications - due to graphene’s exceptional electronic 
properties and extreme surface to volume ratio which offer greatly enhanced sensitivity. 
Graphene devices also provide the potential for portable rapid diagnostic point-of-care (POC) 
sensors - compared to conventional labour intensive, time consuming enzyme-linked 
immunobsorbant assays (ELISAs) that are currently used for clinical biomarker analysis. 
For graphene sensors to be viable, consistent quality, large area graphene must be sourced. 
The main issue with exfoliated graphene is the lack of a production method for large area 
graphene. In contrast, epitaxial graphene can be grown on large area semi-insulating silicon 
carbide (SiC) substrates and is an amenable form of graphene for electronics and sensors, as 
devices can be fabricated on large area graphene using standard semiconductor wafer 
processing techniques and without the need for any layer transfer [8, 9]. 
The surface chemistry of graphene can be modified in a similar manner to that of Highly 
Ordered Pyrolytic Graphite (HOPG), glassy carbon, or Carbon Nanotubes (CNT) [10, 11]. 
Diazonium salts are widely used to functionalise carbon nanotubes [12] and graphene[13-15], 
forming a covalent bond between the CNT / graphene and an aryl group. The aryl diazonium 
cation accepts an electron from the substrate and generates an aryl radical by releasing a 
nitrogen molecule. This covalent modification strategy has recently been applied to both 
epitaxial graphene on SiC [16], chemically converted graphene (CCG) [17] and mechanically 
exfoliated graphene [18].  
Chemical functionalisation of graphene can be used to tailor the chemical specificity and the 
electronic properties of graphene via doping and band-gap engineering [15, 19-24]. 
The use of exfoliated graphene as a biosensor has been previously demonstrated in the 
detection of analytes, including hydrogen peroxide, glucose oxidase, and DNA [25]. 
 
In this article, we present an electrochemical method for functionalisation of ultra-sensitive 
graphene biosensors, fabricated using epitaxial graphene on silicon carbide. This is the first 
report of an epitaxial graphene channel biosensor for detection of a cancer risk biomarker.  
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Epitaxial graphene grown on the carbon face of 4H-SiC has been characterised using XPS 
and Raman spectroscopy. Graphene channel devices, fabricated using electron beam 
lithography, have been used as the basis for graphene sensors.  
Generic functionalisation technology, using a versatile phenyl amine linking group has been 
used to graft a “bioreceptor” antibody, targeted against the oxidative stress marker 8-OHdG, 
to the epitaxial graphene channel (Figure 1).  
Bioreceptor molecules are attached to graphene via a phenyl amine group (PhNH2), 
introduced by reduction of a nitro-phenyl group (PhNO2) [12, 15, 26, 27]. 
Monoclonal antibody bioreceptors, targeted against the oxidative stress-induced DNA adduct 
8-hydroxydeoxyguanosine (8-OHdG), have been attached to the amino functionalised 
graphene in prototype biosensors. 
 
 
 
 
 
 
 
Figure 1: Illustration of an epitaxial graphene channel biosensor for detection of targeted 8-
hydroxydeoxyguanosine (8-OHdG) biomarker. (A) Schematic of MLEG device (B) Thin film 
of covalently attached nitro phenyl (PhNO2) groups on the MLEG channel. (C) Attachment of 
the “bioreceptor” antibody anti-8-OHdG to the amine terminated MLEG channel and 
subsequent detection of 8-OHdG. 
 
The antibody functionalised graphene is capable of selective binding to the 8-OHdG 
biomarker [28-30].  
The presence of 8-OHdG in blood, urine and saliva, is commonly associated with DNA 
damage induced through an oxidative stress related mechanism, and has been identified as a 
risk factor for the development of cancer. Elevated levels of 8-OHdG have been linked to 
(A
)) 
(B) (C
) 
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increased risk of developing several cancers [28-30] and 8-OHdG detection has been used to 
successfully differentiate patients with bladder and prostate cancer from healthy patients [31, 
32]. 
However, 8-OHdG is typically present at very low concentrations in urine (nM) and limited 
sensitivity ELISAs are inadequate for early stage detection of the disease biomarker [33]. A 
prototype biosensor for detection of 8-OHdG using highly sensitive, label-free, 
electrochemical graphene nano-biochips is thus an important development in early stage 
detection of cancer risk.  
 
2.  Experimental 
2.1.  Materials and reagents 
4H-SiC, C-terminated, on-axis, semi-insulating substrates were purchased from Cree, Inc. 
Poly methyl methacrylate (PMMA), photoresist ECI 3027 and developer AZ 726 MF, were 
purchased from Micro Chem. 4-nitrobenzene diazonium tetrafluoroborate (4-NPD) and 
tetrabutylammonium tetrafluoroborate (NBu4BF4) electrolyte, bovine serum albumin (BSA), 
phosphate buffered saline (PBS), were all purchased from Sigma-Aldrich.  Acetonitrile 
(CH3CN), dichloromethane (CH2Cl2) and acetone, supplied by Fisher, were used to clean the 
graphene of physisorbed organic residues after the chemical functionalisation reaction. 
The 3-electrodes used, aqueous references electrode (Ag/AgCl) and non-aqueous references 
electrode (Ag/Ag
+
) were purchased from IJ Cambria Scientific Ltd and the third platinum 
(Pt) electrode was purchased from BASi Analytical Instruments. Anti-8-OHdG antibody was 
purchased from Abcam (UK). Target 8-OHdG was supplied by the Cayman Chemical 
Company. 
2.2.  Apparatus 
Graphene growth was performed in a Jipelec rapid thermal processing SiC furnace fitted with 
a turbo molecular pump. An e-Line (Raith GmBH) electron beam lithography system was 
used to define the graphene channels and contacts of the sensor device. Plasma etching of the 
graphene device was performed in an Oxford Instruments PlasmaLab 80 plus and metal 
deposition was performed using a Kurt J. Lesker PVD 75 sputtering system.  
Cyclic voltammetry measurements were performed using an EmStat2 Palm Sens potentiostat 
with the graphene channel device as the working electrode, a Pt auxiliary electrode and 
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Ag/AgCl reference electrode. Electrical measurements were performed using a Semi Probe 
LA-150 probe station with a Keithley 2602A Source Meter. Micro-Raman measurements 
were performed using a Renishaw InVia system with a 100 mW, 532 nm excitation laser with 
approximately 10 mW of power on the sample. X-ray photoelectron spectroscopy (XPS) 
measurements were performed in a VG ESCAlab MKII with an Al X-ray excitation source 
(K of 1486 eV). 
In this work a laser scanning confocal Fluorescence microscope (Carl Zeiss LSM 710) was 
used to detect fluorescence from bio-functionalised channel and verify successful antibody 
attachment to the epitaxial graphene channel via fluorescent emission from a conjugated 
secondary antibody. The excitation and emission wavelength of the Q-dot labelled secondary 
antibody (supplied by Abcam) were 530 nm and 651– 658 nm respectively.  
2.3.  Fabrication of epitaxial graphene biosensor array 
 
Epitaxial graphene has been grown via silicon sublimation on the carbon face of 4H silicon 
carbide (4H-SiC), by annealing at high temperature (1750°C) and at and low pressure (1 ×10
-
4
 mbar).  
Following graphene growth on 10 mm by 10mm SiC samples, were spin coated with Poly 
methyl methacrylate (PMMA). 
PMMA in chlorobenzene (in a 1:3 wt ratio), photoresist ECI 3027 and developer AZ 726 MF, 
were used for lithographic patterning of the graphene channel devices. Sensor arrays, using 
micro-channel graphene sensing elements between two metal electrodes, were fabricated on 
epitaxial graphene using electron beam lithography (EBL) with channel width 250 μm and 
the channel length 3mm.  
Following development of the resist, 50 nm of aluminium was sputtered onto the graphene, 
and then selectively removed using warm acetone in a lift-off process. Exposed graphene was 
then etched using oxygen plasma for 30 seconds at 50 W, 50 sccm O2, 75 mTorr.  
The aluminium mask was removed using concentrated hydrofluoric acid (HF), leaving 
patterned graphene on the SiC surface. Physical Vapour Deposition (PVD) of Ti/Au: 100 nm/ 
200 nm followed by electron beam lithography patterning and subsequent lift-off in warm 
acetone was used to fabricate the metal source and drain contacts at either end of the 
graphene channel. 
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2.4.  Surface Functionalisation via diazotization 
 
The graphene channel devices were modified via diazotization reaction. Graphene samples 
were subsequently immersed into a solution of 2mM (4-NPD) and 0.1 M (Bu4NBF4) in 
acetonitrile. The electrochemical reaction between graphene and 4-NPD was performed with 
a conventional three-electrode cell, which included an Ag/Ag
+ 
reference electrode, a platinum 
wire counter electrode, and the epitaxial graphene channel working electrode, at room 
temperature for duration of 5-15 minutes. Cyclic voltammograms (CVs) were carried out at a 
scan rate of 100 mV s-1 in a 0.1 M (Bu4NBF4) in acetonitrile. Following completion of the 
reaction, indicated by cyclic voltammetry, the samples were rinsed in acetonitrile followed by 
CH2Cl2, in order to remove any residual chemical reagents. Finally, the samples were washed 
with acetone and dried under a flow of N2. 
After attachment of nitro- phenyl groups to the graphene surface, reduction of the nitro- 
group to phenyl amine was performed in 0.1M KCl water / Ethanol (9:1) solution, using 
chronoamperometry. A constant voltage of -0.9V was applied between the Ag/ AgCl and the 
graphene-working electrode for 100 seconds until a stable current was achieved. This 
indicates that the reduction reaction is near completion.   
This newly reported chronoamperometric reduction process has several advantages compared 
to previously reported diazotisations [12, 15, 26, 27]. It takes a far shorter time (just a few 
minutes) compared to several hours (16); it does not need to be performed in a dark 
environment and purging argon or nitrogen gas for the exclusion of oxygen is not required 
[34, 35].  
This paper reports this rapid electrochemical functionalisation process for the first time on 
epitaxial graphene[36]. The advantage of this functionalisation method lies in its simplicity, 
avoidance of harsh oxidation chemistry and speed of reaction. 
 
2.5.  Biofunctionalisation 
Following phenyl amine functionalisation of graphene, antibodies targeted against 8-OHdG 
must be attached to the graphene. 
The primary antibody, mouse monoclonal anti-8 Hydroxyguanosine (anti-8OHdG, purchased 
from Abcam, UK), was diluted in phosphate buffered saline (PBS) pH 7.4 to a concentration 
of 2 µg/ml. Diluted primary antibody was applied to the graphene channels and incubated at 
4°C for 4 hours before rinsing 4 times in double deionised (DI) water and subsequent drying. 
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To confirm successful and specific binding of the primary antibody to the graphene channel, 
a fluorescently labelled secondary antibody was subsequently applied to the functionalised 
graphene channel. The fluorescent label used was a quantum-dot functionalised secondary 
antibody (goat F(ab`)2 anti-mouse IgG conjugate (H+L), labelled with Qdot 655). This 
secondary antibody was applied to the graphene channel for three hours, at 4°C then rinsed 
with deionised water prior to fluorescent microscopy.  
In order to prevent nonspecific binding of proteins in the fluorescent detection step, any 
remaining free amine groups that had not react with the primary antibody on the sensor 
surface were passivated using 5% bovine serum albumin (BSA) in PBS for 10 minutes at 
room temperature. Substrates were subsequently rinsed 3 times in DI water and dried. The 
secondary antibody, Qdot 655 goat F(ab’)2 anti-mouse IgG conjugate (Life Technologies Ltd, 
UK), was diluted to 20 nM in PBS pH 7.4 and applied to the graphene channels. Excess 
unbound secondary antibodies were removed by rinsing 5 times in double DI water. 
 
2.6.  Electrical characteristics 
 
Characterisation of epitaxial graphene channel device was performed using a Hewlett 
Packard 4142B DC parametric analyser running ITC Characterisation software in conjunction 
with a probe station.  
Current–voltage (I–V) measurements were performed using a voltage sweep of -1V to +1 V 
between the two metal contacts of the epitaxial graphene channel. Electrical detection of 
functionalisation and biomarker binding of graphene has been monitored at each stage of the 
functionalisation process. 
3.  Results and discussion 
3.1 Characterization of graphene devices 
The high surface-to-volume ratio of these graphene channels contributes to their high 
sensitivity to their surface chemical environment [37].  
Graphene growth can be controlled to produce a graphene layer with an average thickness 
between 1 and 3 layers (estimated from XPS characterization across a large area (5mm2 
sample). The graphene layer thickness is obtained from monitoring changes in intensity of the 
Si2p SiC substrate peak and also the SiC bulk and graphene C1s peaks during the graphene 
growth process.  
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Assuming the graphene growth follows a Franck van der Merwe growth or layer-by-layer 
mode [38], the intensity of the Si2p and SiC bulk C1s peaks decay exponentially as a 
function of the mean free path and over layer (graphene layer) thickness. Thus a study of 
these XPS peaks can be used to extract the average graphene layer thickness over the scanned 
sample area, using the method detailed by Fadley et al., [39], which according to Biedermann 
et al., [40], can be used to calculate the thickness of a graphene over layer from the ratio of 
the intensity of the graphitic component from the graphene over layer, and the intensity of the 
bulk SiC component. 
Figure 2 shows two XPS spectra from the same sample. The first spectrum Figure 2(a) was 
recorded with the sample normal to the electron analyser. The sample was subsequently tilted 
to 60° from the normal orientation, halving the mean free path (MFP), and allowing 
determination of the MFP value. By curve fitting to these C1s spectra, the contribution of the 
C1s peak from the SiC bulk component and surface graphene component was inferred.  
From this data, along with the Si2p spectra, an average graphene layer thickness of more than 
1 graphene layer was found to be present on the SiC surface. The graphene layer thickness is 
inhomogeneous across the sample, with some regions of the SiC substrate covered with 1 
graphene layer whilst others are covered by up to 3 layers. However, repeatable growth of 
uniform 1-3 layer graphene (few layer graphene, FLG) on C-face SiC is difficult to achieve. 
Uniform multi-layer graphene growth, with an average of around 6 layers in thickness (multi-
layer epitaxial graphene, MLEG), is more repeatable and has more consistent electronic 
properties than 1-3 layer graphene. For this reason, MLEG has been used in the 
functionalisation of graphene sensor devices. In MLEG, the C1s peak in the XPS spectrum 
consists predominantly of the graphene component, as the C1s peak of the bulk SiC substrate 
is buried beneath the graphene peak.  
 
 
 
 
 
 
 
(A) (B) 
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Figure 2: XPS spectra of the C1S peak of a 1-3 layer graphene (averaged over the sample) / 
4H-SiC sample, obtained with the electron analyser positioned perpendicular to the sample 
(2.A), and tilted 60° from the normal orientation (2.B), respectively.  The measured data 
(black curves) are curve fitted to show the SiC bulk (red curves) and graphene (blue curves) 
component of the peaks. The larger graphene peak in the tilted configuration illustrates the 
increase in surface sensitivity of the 60° scan.  
 
Raman spectroscopy can be used to characterize the thickness and quality of the epitaxial 
graphene grown on 4H-SiC (Figure 3). In general, the number of graphene layers can be 
inferred from the shape of the graphene 2D band.  However, in the case of graphene grown 
on the C face of 4H-SiC, this is a poor indicator of the number of graphene layers, as 
turbostratic growth of graphene layers on the C face causes electronically decoupled layers 
[41]. This can cause multilayer C-face graphene to have a 2D band similar to the case of a 
single graphene monolayer[42]. 
The MLEG sample features a large D band which is due to the presence of sp
3
 bonds that 
originate from lattice defects in the layers.  To minimize any contribution from the channel 
edges, the Raman spectra were acquired from a laser spot positioned well within the micro-
channel (away from the edges). 
The D-band has lower intensity in the 1-3 layer graphene, suggesting a slightly lower defect 
concentration. In both samples, the majority of the graphene lattice consists of sp
2
 bonded 
carbon atoms.  
The presence of the SiC substrate has a significant effect on the peak positions and shapes in 
the Raman spectra of epitaxial graphene, in comparison to exfoliated graphene (free-standing 
or on SiO2). This effect can be related to the charge doping and strain effects from the SiC 
substrate [43]. The SiC substrate contributes a large background signal to the Raman 
spectrum. For clarity, the SiC Raman background has been removed from the presented 
Raman data, thus highlighting the Raman contributions from the top most graphene layers. 
The attenuation of the SiC background in the Raman spectra can be used as an approximate 
indicator of the number of graphene layers  [44] Raman spectra were measured under 
ambient conditions with a 50X objective focused in the middle of the graphene channels, 
such that the focus was entirely within the graphene channel. The incident laser power was 
~11 mW and the wavelength was 532 nm for Figures (3, 7) and 785 nm for Figure 6. Care 
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was taken to obtain spectra from repeatable points to ensure that differences in the D-band 
intensity were attributed to differences in the sample area scanned. 
 It has been reported that the quality of the graphene and information relating to its doping 
may also be inferred from Raman shifts of the G and 2D band. However, substrate effects 
also have an impact on the Raman shifts in epitaxial graphene and add increased complexity 
to any analysis of doping effects. 
 
 
Figure 3: Raman spectra of few layer (1-3 Layers on average) and multi-layer (6-10 Layers 
on average) epitaxial graphene with the D, G, and 2D peaks highlighted (individual spectra 
have been offset vertically for clarity). 
 
3.2.  Characterization of surface functionalisation by electrochemistry 
Cyclic voltammetry has been performed on graphene channel before expouse to a diazonium 
salt solution (Figure 4, curve A). This curve indicates no redox reaction taken place. The 
early stages of the reaction after the application of diazonium salt (Figure 4, curve B) shows a 
large reduction peak, related to the irreversible attachment of the nitro-phenyl radical to the 
graphene electrode surface. The latter stages of this reduction reaction (Figure 4, curve C) 
show the attachment reaction is virtually complete, and the surface is saturated with nitro-
phenyl groups. The attachment of the nitro-phenyl group was performed using CV, which 
was also used to monitor the progress of the attachment reaction. Nitro-phenyl attachment 
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was followed by subsequent reduction of the nitro (NO2) group to an amine (NH2). The 
reduction step is performed in 0.1M KCl / Ethanol (9:1) solution using chronoamperometry. 
From CV measurements the optimum voltage for reduction of the nitro- phenyl group to 
phenyl amine was determined as -0.9V. Therefore, a constant voltage of -0.9V was applied 
between the Ag/ AgCl and the graphene working electrode for 500 seconds until a stable 
current was achieved (Figure 4, inset bottom right). This indicates that the reduction reaction 
is near completion.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Cyclic voltammograms (A) control sample (non-functionalised graphene) in non-
aqueous electrolyte (Bu4NBF4 in acetonitrile) with no diazonium reagent present (black 
curve); (B) functionalisation of the graphene surface with the nitro-aryl diazonium salt (red 
curve); (C) after repeated voltammetry cycles (5 cycles) the functionalisation process is near 
completion and the graphene surface is saturated with the surface-attached nitro-phenyl (blue 
curve). Reduction step is performed in 0.1M KCl / Ethanol (9:1) solution using 
chronoamperometry, a constant voltage was applied between the Ag/ AgCl and the graphene 
working electrode (inset, bottom right). 
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3.3.  Characterization of graphene functionalisation by X-ray photoelectron spectroscopy 
and Raman  
 
Nitro -phenyl functionalisation and subsequent reduction to phenyl amine has been confirmed 
using XPS. No N1S peak was present before functionalisation. After nitro-phenyl attachment, 
monitoring of the N 1s peak shows the graphene-attached nitro and amine groups at different 
binding energies. After nitro-phenyl functionalisation, a single N1s peak at 404.6 eV, with a 
shoulder at lower binding energy, was present in the XPS spectrum. The shoulder peak is 
thought to be comprised of NHOH and NH2 groups. Following electrochemical reduction of 
the nitro-phenyl group, a clear peak at 398.7 eV, attributed to phenyl amine, is seen – in 
addition to the nitro-phenyl peak at 404.6eV, as shown in Figure 5.  
The consequence of the electrochemical reduction of the nitro group is that the relative 
surface coverage of phenyl amine groups increases from less than 20% to over 40%. 
Incomplete reduction of nitro-phenyl to yield phenyl amine-functionalised surfaces has also 
been reported for reduction of nitro-phenyl groups on glassy carbon electrodes [45]. 
Optimisation of the electrolyte and use of a catalyst can be used to improve the conversion of 
NO2 to NH2 groups [46]. In this work 40% NH2 coverage was sufficient for successful bio-
attachment of the 8-OHdG antibody. 
 
 
Figure 5: X-ray photoelectron spectroscopy (XPS) spectrum of the functionalised graphene 
channel after partial reduction of the PhNO2 to PhNH2. Clear N1s peaks, attributed to NO2 
(404.6 eV) and NH2 (398.7 eV), respectively indicate partial reduction of the attached nitro-
phenyl group. 
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The raman spectra in Figure 6 illustrate the changes to a MLEG sample as a result of the 
functionalisation with phenyl amine (PhNO2/PhNH2).  An enhanced D band peak at around 
1360cm
-1 
is observed upon functionalisation.  The enhanced D-peak is related to an increase 
in the conversion of sp
2
 hybridized carbons to a sp
3 
carbon atoms [47]. The D-band is due to 
the A1g breathing mode vibrations of six-membered sp
2
 carbon rings, and becomes Raman 
active after neighbouring sp
2
 carbons are converted to sp
3
 hybridization in graphitic 
materials.  This peak appears to substantiate the XPS data and indicates covalent attachment 
of aniline groups has occurred. It has been demonstrated in the literature that non-covalent 
adsorption of nitro- phenyl molecules does not result in the formation of a D band but results 
in a doping effect on the graphene[48]. 
 
Figure 6: Spectra demonstrating overall effect, including increased D band intensities, of 
functionalisation on multi-layer epitaxial graphene. 
  
Further Raman studies were conducted to specifically consider the effect of the reduction 
process and this can be seen in Figure 7 which compares the PhNO2 attachment with the 
PhNH2. In addition to the graphene D band at 1360 to 1375 cm
-1
 functionalised surface.  The 
NO2 stretch is also found at around 1360cm
-1
. Moreover a band from the C–N vibration of 4-
phenyl amine is found at 1372 cm
-1
. It is possible that all these Raman signals may contribute 
to the observed the peak in the spectrum from 1360 to 1372 cm
-1
leading to a change in peak 
shape and position. However the peak in this region of the spectrum is dominated by the 
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underlying graphene D peack. The higher wave number region has been magnified to show 
the effects on the D+D* peak, this peak is also attributed to defects in graphene [48]. 
 
 
Figure 7: Comparison of Raman bands for nitro-phenyl functionalised epitaxial graphene and 
phenyl amine functionalised epitaxial graphene. The intensity has been separately scaled for 
clarity.  
 
The G band peak at 1590-1600 cm 
-1
 is attributed
 
to C–C vibrations and may contain 
components from the benzene ring of the nitro-phenyl group, but again will be dominated by 
Raman signals from the sp
2
 C-C bonds in the graphene layer.  
Comparison of the D, G and 2D bands in phenyl amine functionalised graphene with the 
bands in nitro-phenyl functionalised graphene, reveals that all the phenyl amine bands are 
slightly blue-shifted relative to nitro-phenyl functionalised graphene.  The spectra reveals a 
D* band at ~1630 cm
-1
 and a D + D* band at ~2965cm
-1
 which are both attributable to 
defects in the underlying graphene and occur in both the nitro-phenyl and phenyl amine 
functionalised graphene. Features in the Raman spectra of functionalised graphene are 
dependent on the quality and thickness of the starting graphene, but observable differences in 
the spectra shown in Figure 7 reflect changes seen on the same graphene channel and indicate 
a response in the graphene signature spectra to the conversion of the nitro-phenyl group to 
phenyl amine. 
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3.4.  Fluorescence verification of binding of second antibody labelled Q-Dot on the 
Epitaxial Graphene 
 
The amino groups of the surface-bound phenyl amine can subsequently be used to attach 
“bioreceptor” antibodies to the graphene channel. This binding may be covalent, using an 
interaction of the NH2 group with the COOH group of the biomolecules - resulting in a 
covalent amide bond. Alternatively, the binding may be electrostatic. Attachment of a primary 
antibody, targeted against 8-OHdG, to the graphene surface has been verified by binding a 
fluorescently labeled secondary antibody to the primary antibody (see detail in methods 
section).  
Fluorescence from the attached labeled secondary antibody was detected using confocal 
fluorescence microscopy. Graphene devices with micron- sized channels were fabricated and 
functionalised as described above. Fluorescence from the labelled secondary antibodies was 
detected only from the region of the graphene channel as shown in Figure 8, which indicates 
that the primary antibody is bound to the graphene channel and not the silicon carbide 
substrate. Inspection of the antibody-functionalised graphene surface, after (i) primary 
antibody attachment and blocking with BSA, washing (ii) subsequent Qdot-labelled 
secondary antibody attachment to the primary antibody functionalised surface and washing, 
the final functionalised surface exhibited strong fluorescence. This indicates that both the 
primary and secondary antibodies are still present and indeed strongly bound to the 
functionalized graphene surface. 
 
Figure 8: Confocal fluorescence (left) and optical (right) microscopy images of aniline-
modified graphene channels after exposure to Q-Dot labelled antibodies. Areas where the 
labeled antibodies are bound to the surface appear red. Areas where the antibodies are not 
bound appear dark. 
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3.5.  AFM surface analysis 
The effect of surface functionalisation of graphene with amine linking group has been 
monitored using AFM. The surface roughness of graphene substrates before functionalisation 
(Figure 9) shows the change in surface topography related to the attachment of PhNH2 
compounds to the graphene surface. The AFM images show clear differences between clean 
and modified surface in terms of surface topography.  The graphene surface is observed to be 
atomically flat and uniform with typical RMS (Root Mean Square) roughness measurements 
of 0.22 nm before functionalisation (Figure 9A).  Attachment of PhNH2 compounds to the 
graphene resulted in a marked change in the surface topography; modified surfaces had an 
RMS roughness of 0.44 nm (Figure 9B).  The surface RMS roughness is increased to 0.96 nm 
following surface-attachment of the antibody, as shown in Figure 9C.   
 
Figure 9: AFM topography images of graphene surfaces. Topography images acquired (A) 
prior to functionalisation, (B) after surface functionalisation with PhNO2/PhNH2 and (C) after 
attachment with targeted biomarker, anti (8-OHdG). AFM acquisitions demonstrate clear 
differences in surface roughness following functionalisation of the graphene surface. 
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3.6.  Electrical characterisation and detection of biomolecule 
 
The electrical behavior of graphene channel devices has been monitored at each stage of the 
functionalisation process; measured as a current-voltage signal as shown in Figure 10. The 
initial nitro-phenyl attachment results in reduced current transport (at 1V, the current is 
reduced from 119 mA to 42 mA) through the graphene channel, consistent with conversion of 
sp
2
 to sp
3
 hybridized bonds and reduced mobility through decreased sp
2
 delocalisation and 
increased scattering sites [49].    
A decrease in graphene conductivity was also observed by Bekyarova et al., [15], who 
observed a doubling of the graphene resistance upon grafting of nitro-phenyl groups on to 
epitaxial graphene. A similar effect was reported for the covalent attachment of 4-nitro-
phenyl groups to graphene nano ribbons [49]. 
Work on graphene nanoribbons has shown that the edge of the nanoribbons is at least twice as 
reactive as the bulk graphene plane [50].  This suggests that there may be increased 
functionalisation at the edges of the graphene channel in our device.  
Graphene and CNT functionalisation has been reported to reduce conductivities. For 
example, nitro- phenyl functionalisation chemistry has previously been used to modify the 
electronic properties of single-walled carbon nanotubes (SWNT) from metallic to 
semiconducting [51].  Whilst functionalisation of graphene, creating defective insulating or 
semiconducting regions on graphene, has been be used to pattern graphene transistor devices 
[52]. 
Reduction of the nitro- phenyl group to phenyl amine results in a further decrease in channel 
conductivity (Figure 10A). This may be explained by the increased electron donation from 
the phenyl amine group, compared to the nitro-phenyl group. In p-type graphene this electron 
donation could effectively reduce the density of p-type carriers. Epitaxial graphene, grown on 
the C-face of 4H-SiC, has been reported to be p-type doped, so reduced conductivity of 
graphene related to increased electron donation is consistent with the observed I-V 
characteristics. Attachment of the antibody yields an increase in channel conductivity relative 
to the PhNH2 surface.  
The effect of electron withdrawing and electron donating moieties on graphene has 
previously been discussed by Huang et al. [35]. They claimed that the method of covalently 
attaching aryl groups to a graphene basal plane can tune the conductivity of graphene either 
to a higher or lower level depending on the quantity of aryl groups bonding to graphene. 
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Antibody attachment to the phenyl amine functionalised graphene channel results in an 
increase in the channel conductivity, relative to the conductivity of the phenyl amine 
functionalised channel (Figure 10B) [53].   The negatively charged antibody would be 
expected to enhance the conductivity in a p-type graphene channel. The attachment of the 
negatively charged antibody is equivalent to a negative potential gating of the graphene 
channel, which if the graphene were p-type, would increase the carrier density and thus the 
conductivity in the device. Analogous sensing mechanisms have been outlined in [54] for the 
detection of negatively charged bacterium to a p-type graphene amine surface, whereby the 
hole current was increased by the negative gating potential. The final detection step, is an 
electrical response to binding of the target 8-OHdG biomarker to the “bioreceptor” antibody, 
(Figure 10B), yielding an increase in the current though the sensor channel (Figure 10C).  
This current modulation could be related to further changes in charge density in the vicinity 
of the graphene channel, due to binding of the target biomarker with the antibody.  
Crucially, non-modified graphene control samples showed no change when exposed to the 
target biomarker and thus only the antibody functionalised sensor produces a current response 
on expose to the target biomolecule. Five comparable devices were fabricated and 
functionalised, as outlined in Experimental section. The electrical behavior was consistent 
and repeatable for each characterized device, indicating that 8-OHdG can be repeatedly and 
reliably detected in PBS solutions at a concentration of 20 nM.  This concentration range 
clinically relevant to detection of 8-OHdG in urine, and its reported relation to prostate 
cancer risk [33]. 
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Figure 10: A) I-V characteristics of the graphene channel, blue: before functionalisation red: 
after electrochemical attachment of nitro-phenyl green: after reduction to phenyl amine B) I-
V characteristics of the amine functionalised graphene channel purple: after attachment to the 
antibody 8-OHdG: after attachment to the target biomarker (light blue). C) I–V curves for 
MLEG, response of an antibody MLEG biosensor device to increasing concentrations of 8-
OHdG antigen (0.1ng / ml to 20 ng /ml). 
(A) 
(B) 
(C) 
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The detection mechanism is observed appears similar to that of graphene chem-FETs. 
Defective graphene, and graphene influenced by extrinsic defects from the substrate is 
reported to be particularly sensitive to potential gating effects [55], whereas pristine (defect-
free) graphene is not strongly sensitive. The presence of defects in graphene causes the 
current modulation from chemical gating to be enhanced, translating into superior sensitivity 
in chem-FETs. Graphene grown on the C face of SiC is not a flat, uniform layer, but instead 
commonly grows into step-bunched terraces[55]. It is likely that structural defects from the 
epitaxial graphene growth, and chemical defects from the diazotization step, both contribute 
to the sensitivity of the current modulation in response to binding of the antibody. 
Exposure of the antibody functionalised graphene sensor to the 8-OHdg antigen acts to 
decrease the resistance across the channel. Indeed, increasing the concentration of 8-OHdG 
results in further decreases in the graphene channel resistance, indicating that 8-OHdG was 
bound to the sensor. After exposure to concentrations above 5ng/mL, the sensor response 
saturated, indicating that the active receptor sites had been occupied by the bound antigens. 
The limit of detection was determined as 0.1ng/ml. 
4.  Conclusion 
 
A key part of any biosensor technology is surface functionalisation. Functionalisation of 
graphene channels was achieved in a matter of minutes, using an electrochemical 
diazotization method for nitro phenyl attachment to graphene channel and a subsequent 
reduction process, converting the nitro group to an amine, under mild conditions. This 
represents a far more effective and production friendly process than any other reported 
diazotization. The advantage of this functionalisation method over previously reported 
techniques [15, 34, 35], lies in its simplicity, avoidance of harsh oxidation chemistry and 
speed of reaction.  
Characterisation of functionalised surfaces using XPS, Raman measurements and AFM have 
been used to confirm attachment of nitro- phenyl and amino phenyl groups to the graphene 
channel. AFM showed that surface roughness of graphene increased after surface 
modification with nitro- phenyl or amino phenyl groups. Laser Scanning Confocal 
Microscopy (LSCM) has been used to verify subsequent biofunctionalisation of the graphene 
channel, using fluorescently labelled antibodies. Antibody attachment occurs only at the 
graphene channels and not on the SiC substrate. 
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Changes in conductivity of the channel devices were observed at each stage of the 
functionalisation process. The critical detection step; binding of the target 8-OHdG 
biomarker, (which has been related to prostate cancer risk), to the epitaxial graphene-bound 
“bioreceptor” antibody, yielded a detectable decrease in the graphene channel resistance.  
Diazotization of epitaxial graphene in order to attach antibody bioreceptors has been used in 
this work, and it is capable of selectively detecting of the oxidative stress biomarker 8-OHdG. 
This epitaxial graphene biosensor device has been demonstrated to be capable of detecting 8-
OHdG concentrations as low as 0.1 ng/mL in a faster and more sensitive method (5 times 
lower LOD), compared with ELISA tests [33]. Since the attachment mechanism uses non-
specific sites of the antibody (i.e. carboxylic groups) to bond to the NH2 terminated surface, 
this method could potentially be adapted to attach other antibodies for the detection of other 
biomarkers. Thus, epitaxial graphene channel devices offer an easily adaptable, generic 
sensing platform for detection of a range of target biomarkers and thus be used in sensors for 
early diagnosis and monitoring for a variety of diseases. 
In summary, an electrochemical functionalisation method for epitaxial graphene channel 
devices has been demonstrated.  Phenyl amine functionalised epitaxial graphene has been 
used to attach antibody bioreceptors to graphene channels.  
The antibody based sensors have been used to detect nM concentrations of the oxidative 
stress biomarker, 8-OHdG. The sensor displayed a specific and selective response to the 8-
OHdG target biomarker. 
No electrical response was detected on exposure to control solutions, not containing 8-OHdG. 
The electrical response of the functionalised channels to the 8-OHdG analyte in test PBS 
solutions is complete in a matter of minutes, allowing rapid qualitative detection of the 
disease biomarker analyte.   
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Scanning Confocal Microscopy (LSCM). 
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